Abstract-This letter presents a novel quad-band bandstop filter. It is formed by loading a microstrip line with two special resonators. The special resonator can be seen as a coupled-line and shorted stubloaded half-wavelength microstrip resonator (CSSHMR). The resonator can resonate at four frequencies, which forms the corresponding equivalent shorted points at the microstrip line. Therefore, signals are rejected at these equivalent short-circuited points, which realizes the quad-band bandstop responses. The four resonant frequencies can be separately adjusted in a limited range. The gap coupling between the resonators can be introduced to adjust the performance. A transmission line model is built to analyze the quad-band bandstop filter. A prototype quad-band bandstop filter is designed, fabricated and measured. The measured and simulated results have a good agreement.
INTRODUCTION
The bandstop filter plays an important role in modern wireless communication system. Its function is to reject the unwanted spectrum [1] . A general bandstop filter is formed by a transmission line loaded with one or multiple resonators. The loaded resonators are shunt-connected with the transmission line through tapped lines [2] [3] [4] [5] [6] or coupling lines [7] [8] [9] [10] . For the transmission line, the loaded resonator forms the equivalent short-or open-circuited points at the resonant frequencies. The equivalent open-circuited points have no effect on signal transmission. On the other hand the equivalent short-circuited points will reject the input signals, which realizes the bandstop response. The previous research works about bandstop filter were mostly focused on the realization of a single or dual-band bandstop response. Few works have concerned triple-band and more-than-triple-band bandstop filters. In [11] , a tripleband bandstop filter was proposed, in which two coupled-line stub-loaded shorted Stepped Impedance Resonators (SIRs) were presented to realize three controllable equivalent short-circuited points at the microstrip line. And the gap coupling between the two coupled-line stub-loaded shorted SIRs can adjust the stopband performance. Reference [12] proposed a miniaturized quad-band bandstop filter based on two shunt-connected, T-shaped stub-loaded SIRs, while its stopband and out-of-stopband performances are not very ideal. In [13] , two pairs of open-circuited stub lines were utilized to realize quad-band bandstop response, and the introduced coupling between the open-circuited stub lines can broaden the stopband bandwidth. Because the four stopbands were formed based on the harmonic property of the open-circuited stub lines, the center frequencies of four stopbands cannot be separately adjusted. At the meantime its stopband and out-of-stopband performances are also not very ideal.
Inspired by the structure proposed in [11] , this letter presents a novel quad-band stopband filter with good stopband and out-of-stopband performances. In the novel quad-band bandstop filter, multiple transmission zeros in the stopbands and transmission poles in the passbands can be generated. It is constructed by loading the microstrip line with two special resonators. The loaded resonator can be seen as a CSSHMR. Its feature is analyzed in details through a transmission line model. The gap coupling between the resonators is introduced to adjust the performance. Thus a high frequency selectivity is achieved. A prototype quad-band bandstop filter with center frequencies of 1.11/1.57/1.95/2.37 GHz is simulated, fabricated and measured. The measured and simulated results have a good agreement, which verifies the effectiveness of the proposed quad-band bandstop filter. Figure 1 gives layout and transmission line model of the proposed quad-band stopband filter. The coupled-line (θ 5 ) and shorted stub (θ 2 )-loaded half-wavelength microstrip resonator (2θ 3 + θ 1 ) is shuntconnected with the microstrip line (θ 6 ). The capacitors (C 1 and C 2 ) introduce the electrical coupling between the two CSSHMRs. The later analysis will show that the coupling can adjust the performances. 
STRUCTURE, ANALYSIS AND DESIGN
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Analysis of the CSSHMR
Based on the transmission line model of the CSSHMR shown in the dashed line frame in Figure 1 , its input impedance Z in can be calculated by the following formulas,
An example is calculated, and its results are drawn in Figure 2 (a). Four impedance zeroes (f 1 , f 2 , f 3 and f 4 ) can be clearly observed. These impedance zeroes form the equivalent short-circuited points at the transmission line, which reject signal transmission and realize the bandstop response.
These impedance zeroes can be adjusted in a limited range through changing the parameters of the CSSHMR. Figures 2(b)-(d) show the impedance zeroes variation against a few main parameters. The ratio of f 2 and f 3 can be adjusted through changing Z 1 with the ratio of f 1 and f 4 unchanged. Similarly, f 2 and f 3 can be simultaneously adjusted with the same variation trend through changing Z 2 or Z 3 with the ratio of f 1 and f 4 unchanged.
Design of the Quad-Band Bandstop Filter
Two identical CSSHMRs are shunt-connected with a microstrip line which has the characteristic impedance of Z 6 and the electrical length of θ 6 . Additionally, two gap couplings represented by C 1 , C 2 are introduced between the CSSHMRs. Thus a quad-band bandstop filter is constructed. Its transmission line model is shown in Figure 1 . Figure 3 and C 2 . It shows that two transmission zeros appear in each stopband after C 1 and C 2 are introduced, which improves the frequency selectivity. Meanwhile, the coupling capacitors also influence the out-ofstopband performance among the four stopbands and has almost no effect on the up-and down-stopband performance. Figures 3(b) -(c) show that Z 6 , θ 6 have negligible effects on the stopband performance and have obvious effects on out-of-stopband performance. Thus an optimized stopband and out-of-stopband performance can be obtained by changing C 1 , C 2 , Z 6 and θ 6 . From above descriptions, the design steps can be concluded. Firstly, adjusting the input impedance zeros of the proposed CSSHMR close to the specified center frequencies of the stopbands. This can be achieved by changing the parameters of the CSSHMR. Secondly, adjusting the stopband and out-ofstopband performance close to the specified requirements. This can be achieved by changing the coupling capacitor C 1 and C 2 , characteristic impedance Z 6 and electrical length θ 6 . The above two steps is based on the transmission line model, from which an optimized parameters can be obtained. Thirdly, the optimized parameters are used as the initial values when implementing the bandstop filter using a field simulation tool. Due to the parasitic electromagnetic effect, the tuning works are needed, where HFSS 15.0 is used as the field simulation tool, and the transmission line model is simulated in Advanced Design System.
IMPLEMENTATION RESULTS AND DISCUSS
For verification, a prototype quad-band bandstop filter with center frequencies of 1.11/1.57/1.94/2.37 GHz is designed, fabricated and measured. The used microstrip substrate has relative dielectric constant of 2.55 and thickness of 0.8 mm. A photograph of the fabricated quad-band bandstop filter and its simu-lated and measured results are shown in Figure 4 . Its physical dimensions are as follows (units: mm): Figure 4 , a frequency shift of 50 MHz in the first stopband exists. Additionally, there is relatively a large difference between the measured and simulated results in the passbands, especially in the last passband, which may be due to unexpected tolerance of fabrication and implementation. The practical size is 45.9 × 45.0 mm 2 , about 0.26 × 0.25λ 2 g , where λ g is the guided wavelength of 50 Ω microstrip line at the first stopband. Table 1 gives a performance comparison with others works. It shows that the proposed quad-band bandstop filter not only realizes quad-band bandstop filtering response but also has an excellent stopband and out-of-stopband performance. 
CONCLUSION
This letter presents a novel quad-band stopband filter with a good stopband and out-of-stopband performance. It is constructed by two CSSHMRs. The center frequencies of the stopbands can be adjusted in a limited range by changing the parameters of the CSSHMR. The stopband and out-ofstopband performance can be optimized through introducing the gap coupling between the CSSHMRs and adjusting length and characteristic impedance of the microstrip line connecting the CSSHMRs. A demonstrative prototype quad-band stopband filter is designed, fabricated and measured. The measured and simulated results have a good agreement, which verifies the effectiveness of the proposed structure and analysis about it.
